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Burying buds

Summary

Despitelong-time awareness oftheimportance ofthelocationofbudsinplantbiology, research
on belowground bud banks has been scant. Terms such as lignotuber, xylopodium and sobole, all
referring to belowground bud-bearing structures, are used inconsistently in the literature.
Becausesoilefficientlyinsulates meristems fromthe heatoffire, concealingbudsbelowground
provides fitness benefits in fire-prone ecosystems. Thus, in these ecosystems, there is a
remarkable diversity of bud-bearing structures. There are at least six locations where
belowground buds are stored: roots, root crown, rhizomes, woody burls, fleshy swellings and
belowground caudexes. These support many morphologically distinct organs. Given their
history and function, these organs may be dividedinto three groups:those thatoriginatedinthe
early history of plants and that currently are widespread (bud-bearing roots and root crowns);
thosethatalsooriginatedearlyandhave spread mainlyamongfernsand monocots (nonwoody
rhizomes and a wide range of fleshy underground swellings); and those that originated later in
history and are strictly tied to fire-prone ecosystems (woody rhizomes, lignotubers and
xylopodia). Recognizing the diversity of belowground bud banks is the starting point for
understanding the many evolutionary pathways available for responding to severe recurrent
disturbances.

heat insulator (Auld & Bradstock, 1996). In fire-prone ecosys-
tems, there 1s a diversity of ways by which plants successfully

Many plants are able to survive recurrent disturbance by
resprouting. How plants resprout after disturbance depends on
the number and location of the dormant buds and on the type of
storage organ. These traits vary widely among plants, depending
on the phylogenetic context of the species and disturbance regime
in which it evolved (Klimesova & Klimes, 2007; Clarke etal.,
2013; Fidelis et al., 2014). For example, fire produces heatthat
caneasily kill surface buds and poorly insulated meristems that are
not affected by other disturbances; thus, fires tend to be a
relatively severe and nonspecific disturbance (Pausasetal.,2016).
Consequently, in ecosystems where fires are frequent, plants must
protect their buds from fire heat or perish. One way to protect
them is by growing a thick insulating bark (Pausas, 2015, 2017).
Another is to locate the buds below ground, as soil is an excellent

conceal their buds below ground that enable them to survive and
resprout vigorously after fire.

Despite a long-time appreciation of the importance and
variability of the location of the bud bank in the ability of plants to
recover from seasonal stresses or fitful disturbances (Lindman,
1900; Jepson, 1916; Raunkiaer, 1934; Tansley, 1946), research on
belowground bud banks has been scant. Belowground organs may
store buds, carbon, water and nutrients, and thus have a key
function in food webs and ecosystem processes. Recent research
highlights the importance of belowground traits in surviving
disturbance (Bardgett et al., 2014; Laliberte, 2017) but it does not
explicitly recognize the diversity of belowground structures and
their abundance in many ecosystems. One problem retarding
progress in the field is a lack of consensus on the correct
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terminology for different bud-storage structures. For instance,
terms such as lignotuber, xylopodium, caudexes and soboles are
used inconsistently in the literature and are not even mentioned in
current terminology resources for plant biology (Garnier et al.,
2017). Other terms such as burls, underground trees and rootstocks
are too generally applied to convey exactly what structures are
involved. This limits the potential for sharing and integrating data
in broad-scale analyses. It also limits our understanding of the
evolution of these structures in different ecosystems and lineages
as they are clearly nonhomologous (i.e. having different
evolutionary origins).

Here we review the different locations of the belowground bud
bank (BBB) in plants of fire-prone ecosystems with the aim to
demonstrate their diversity and to clarify their terminology, origin
and function. Many of these BBB organs are shared with nonfire-
prone ecosystems and may have evolved initially as responses to
other disturbances, or also perform other functions, such as lateral
spread and colonization, yet they have adaptive value in
recovering from fire (Keeley et al., 2011) as they protect buds
from fire heat. Fire-prone ecosystems also harbour unique
belowground structures, and thus are the most appropriate
ecosystems forexploring belowground organs. Understanding the
array of BBBs, and their origin and function, should provide
insights into the diversity of adaptive-response options in
disturbance-prone ecosystems, and also promote more produc-
tive, coordinated research on this topic.

A plethora of belowground bud banks

We recognize six plant locations that support belowground buds in
fire-prone ecosystems: roots, root crown, rhizomes, basal burls,
fleshy swellings and belowground caudexes. These six major
morphological types cover many distinct organs with different
origins and characteristics and most can be further subdivided on
finer grounds as well (Table 1). Below we provide a detailed
description of these structures (also see Supporting Information
Notes S2 and S3), supported by a key to their identification (Box 1;
Fig. 1), an initial world-wide database for BBBs (> 2000 species;
Notes S1; Table S1), and a list of the types of carbon reserves that
they store (Table S2). Then, in the next section we provide an
evolutionary framework based on published phylogenies (also see
Table S3).

Roots

Many plants have lateral roots growing near the soil surface with
adventitious buds that produce vertical stems (root suckers or
sprouts). Root suckering has been described in many angiosperm
families (mainly dicots), in a few ferns and in some conifers (Klime-
sova & Klimes, 2003), in a wide range of ecosystems (Table
S1). Suckers can develop from ‘additional’ buds (with an
endogenous origin and connected to the primary xylem by a bud
trace; Bosela & Ewers, 1997; Jones & Raynal, 1986) and/or

Table 1 Main features of the belowground bud bank (BBB) in plants from fire-prone ecosystems

Bud bank  Bud Seasonal  Colonization

Bud location Origin size protection  Growth form Ecosystem type stems ability
Root Root Mod-high  Mod-high  Most types Any No Moderate (clonal)
Root crown Stem Moderate Low-mod  Most types Any No No
Basal burls (woody)

Lignotuber Stem (cot. node) High Mod-high  Shrub, mallee Medit., warm No No*

temperate, savanna
Xylopodium Hypocotyl Low-mod Moderate  Shrub, suffrutex, forb Savanna (Yes) No*
(+ root + stem)

Rhizomes

Non-woody rhizome  Stem Moderate  Mod-high  Herb Any Yes High (clonal)

Woody rhizome Stem Moderate  Mod-high ~ Shrubs, Savanna, medit., (Yes) Mod-high (clonal)

suffrutex warm temperate
Rhizophore Stem Low-mod  Mod-high Herb Savanna (Yes) Low/variable
(clonal)

Fleshy swellings

Bulb Stem (+ leaf) Low High Herb (geophyte) Any Yes Low

Corm Stem Low High Herb (geophyte) Any Yes Low

Root tuber Root Low Mod-high  Herb (geophyte) Any Yes No-low

Stem tuber Stem Low-mod  Low-high  Herb (geophyte) Any Yes No-mod (clonal)

Belowground caudex  Stem Low Mod-high  Palm-like rosette Medit., warm No No

temperate, grassland

Foreach BBB, the characteristics considered are: origin of the bud-supporting tissues; bud bank size (forthe genet:low: <10 buds, moderate: 10-100, high:
>100; thisiscorrelated withthe number of resprouting stems, an easier parameterto observe:low: 1, moderate: 2-20, high: > 20); bud protection (low: most
buds above groundoratthe soilsurface, moderate:mostbuds <1 cmbelowground, high:mostbuds > 1 cmbelowground; barkthickness,budscalesandleaf
bases may also contribute to protection); growth form (herb: perennial forb or graminoid, suffrutex: subshrub with short-lived shoots from a woody base);

seasonalabovegroundbiomass (Yes:annualstems, No:perennialstems, (Yes):sometimes annual);colonization ability (ability toincreasethe spatialextent
relative to crown cover: low: not beyond the crown, moderate: not more than twice the crown, high: more than twice the crown). Clonal here refers to genets
consisting of ramets that do not physically separate from the parent. Examples of species with the different BBB types are given in Supporting Information

Table S1. Mod, moderate; cot., cotyledonary; Medit, Mediterranean ecosystems; Savanna includes tropical and subtropical grasslands.

*Unless combined with woody rhizomes or stolons.



Box 1 Key to identify major belowground bud bank structures for resprouting after disturbance

Emphasis is given to morphological traits to facilitate identification rather than anatomical or ontogenetic details that are confined to the text. For
completeness, the key alsoincludes arelated structure thatis not fully below ground (i.e. stolons). Letters in parentheses after the belowground bud
bank (BBB) namerefertoillustrationsinFig. 1;alsosee Fig.2.

1 Woody bud support
1 Swollenbudbank
1 Produces afew stems apically, often joined to tuberous roots. Buds are restricted to the upper part; xylem is not contorted and often lacks
reserves. Typically of smallshrubs -xylopodium (Xy)
2 Produces many stems scattered or around the edge with associated roots woody. Buds are located over the entire structure; xylem is contorted
andstores starch. Typically of large shrubs -lignotuber (Li)
2 Non-swollenbudbank, althoughsometimes horizontalknots present(amongrhizomes)
1 Produces afew vertical (aerial) stems (coppices) at or above the root collar - root crown (RC)
2 Produces afewstemsthatarise horizontally or vertically, unrelatedto root collar
1 Horizontal stem (withnodes) attachedtoaburl,rootcrown orotherhorizontal stemsthatproducesverticalsuckers-woody rhizome (WR)
2 Lateral root (no nodes) attached to base of burl, root crown or to other roots that produces vertical suckers - bud-bearing root (Ro)
2 Non-woody (or soft-wooded) bud support
1 Swollen bud bank (swelling localized compared with aerial stems)
1 Single storage structure, vertically oriented
1 Reaches +groundlevelandproducesoneorafewstems,usuallyglobosebutsometimeselongated; sometimeslargeandsoft-wooded -
taproot tuber (TT)
2 Belowgroundlevel and produces asingle stem or leafy rosette
1 Globose, withfleshyscale leaves aroundstemcore-bulb (Bu)
2 Flattened, withdry scaleleaves around swollen stem core -corm (Co)
2 Multiple storage structures underground, vertically to horizontally oriented
1 Stemorigin;nodespresentfromwhichseveralverticalstems, culmsorroots may arise
1 Noadventitious roots (until separated from mother plant); localized swelling - stem tuber (ST)
2 Adventitiousroots producedbyundergroundstems
1 Underground stemsonly - nonwoody (fleshy) rhizome (FR)
2 Downward-facing stemthatsupports vertical (aerial) stems; sometimes linkedto stemtubers - rhizophore (Rh)
2 Rootorigin;nodes absentso canonly produce 1-2 vertical stems from base; usually multiple units - (adventitious) root tuber (RT)
2 Non-swollen, stems usually uniform
1 Multiplethin stems, horizontal, semi-vertical or procumbent; adventitious roots
1 Stem system below ground, with monopodial or sympodial branches terminating in culms - nonwoody (fibrous) rhizome (NRm, NRs)
2 Aerial procumbent stems with belowground knots, leaf rosettes and adventitious roots - stolon/ layer (St)
2 Solitary thick stem, vertical, with the apex at ca. ground level; secondary or adventitious roots, may eventually rise above ground -
belowground caudex (Ca)

‘reparative’  buds (formed in response to physical injury, dieback or

‘Pando’ , a genet of P. tremuloides in central Utah at an estimated age

senescence of the root or crown and identified by the absence of a
bud trace; Bosela & Ewers, 1997; Hayashi et al., 2001; Hayashi &
Appezzato-da-Gloria, 2009).

Root suckering is strongly associated with lateral spreading,
where the ramets remain connected to the parent plant (Jones &
Raynal, 1986; Wiehle et al., 2009). Root suckering 1s an effective
resprouting mechanism in response to disturbances, including fire
(Lamont, 1988; Hoffmann & Solbrig, 2003; Rodrigues et al.,
2004), as the lateral buds are typically well insulated from fires by
the soil (Kennard et al., 2002; Hoffmann & Solbrig, 2003). Buds
can be quite abundant; for instance, 50-90 root buds were recorded
on 3-yr-old saplings of Populus tremuloides (Landh8usser et al.,
2006). For adult plants, up to 30 buds (Fagus grandifolia) and
> 200 buds (Populus tremuloides) per 10-25 cmroot-segment have
been counted (Schier & Zasada, 1973; Jones & Raynal, 1986).
Species that produce root suckers also often resprout from other
bud-bearing structures such as root crowns or lignotubers (Table
S1). A prominent example of a root suckering plant is

of 80 000 yr, with an intricate root system that covers 80 ha; it is
probably the largest, heaviest and oldest living organism known
(Mitton & Grant, 1996). In most species, sucker growth is
supported by starch stored in the roots, although some species store
fructans (Table S2).

Root crowns

Many woody plants resprout from buds located at the root- shoot
transition zone, called the root crown or root collar. Resprouting
from the root crown is the most widespread postdisturbance
regeneration mechanism (Table S1). It 1s the most common bud
bank among trees (Del Tredici, 2001), including some conifers, and
has also been described in shrubs and perennial herbs (Table S1;
Fig. 2a). Root-crown resprouting does not facilitate lateral
spreading and colonization (Table 1), and therefore it is
functionally restricted to in situ persistence after disturbances. In
some species, root crowns may become
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Fig. 1 Stylizeddiagramsof 16 belowgroundbudbank (BBB)structuresthatenableplantstoresproutfollowingfire (highlightedinred),asoutlinedinBox 1. Also
seeFig.2forsomeillustrative examples. Brokenhorizontallineindicatespositionofsoilsurface. Pink, structures characterized by woodytissues;blue, fleshy
tissues; orange, neither woody nor fleshy (usually highly sclerified primary tissues, fibrous or ‘wiry’). Shoots highlighted in apple green: stems with leaves,

branched;leavesonly,unbranched. Roots highlightedin olive green: triangular-shapedroots indicate aprimary system, while those arising directly fromthe
bud-storing structures are adventitious. From top left to bottom right: Xy, xylopodium (in red) joined to tuberous root (in blue); Li, lignotuber; RC, root crown;
WR, woody rhizome, arising (here) from aburl; Ro, bud-bearing lateral root arising (here) from a burl (note that the rootis not necessarily woody); TT, taproot
tuber; Bu, bulb; Co, corm, with previous year’s corm still present; ST, stem tuber; FR, nonwoody fleshy rhizome; Rh, rhizophore (note buds are only supported by
the oldest rhizophores); RT, adventitious root tuber; NRm, nonwoody fibrous rhizome with a monopodial arrangement leading to expansive clone; NRs,

nonwoody fibrous rhizome with sympodial arrangement leading to a caespitose habit; St, stolons that produce new ramets following fire (note thatitis nota

BBB);belowgroundcaudex(Ca). Drawings by B.B.Lamont.

dense and thick after many recurrent resprouting events to resemble
a basal burl (thickened root crown in Table S1; Notes S1; also see
Basal burls below).

The bud bank of the root crown originates from dormant buds
located at the cotyledonary region that produce clusters of a few
buds (Kauppi et al., 1987; Pascual et al., 2002). As the plant
develops, the bud bank increases by accumulating axillary buds on
basal branches growing from these initial buds (Kauppi et al.,
1987). For instance, the bud bank increases from 42 buds in 4-yr-
old pine saplings to several hundred in mature plants (e.g. Pinus
rigida; Little & Somes, 1956). At the seedling stage, root-crown
resprouters with hypogeal germination show higher fire survival
than those species with epigeal germination, because their cotyle-
donary nodes remain below ground (Pascual et al., 2002; Brose &
Van Lear, 2004; Fisher, 2008). Some species are able to move the
bud bank closer to the soil surface or even below ground by the root
or hypocotyl contracting or by bending of the seedling axis

(Stevenson, 1980; Fisher, 2008); this may increase postfire survival
of juveniles (Lilly et al., 2012). Eventual weak resprouting from the
root crown after frequent severe fires can be explained by the
relatively small bud bank size and its limited insulation by the soil.
The storage reserve that fuels root-crown resprouting is typically
starch in the roots, although fructans are present in species
physiologically active at low temperatures, particularly among
herbs (Table S2).

Basal burls

Plants that store axillary buds in the root crown are common in fire-
prone ecosystems. However, the number of buds in the root crown
may be too limited for long-lived plants if fire recurrence is high. In
such cases, storing a large number of buds at or below ground may
be beneficial. Thus, many woody plants have acquired basal burls
(swollen woody structures) in which there is a disproportionately



Fig.2 Examples ofselectedbelowgroundbud
banks (BBBs). (a) Postfire root crown
resprouting (Coris monspeliensis,
Mediterranean Basin). (b) Lignotuber of a
juvenile plant (Cryptocaria alba, central Chile).
(c) Xylopodium with tuberous roots (Aldama
grandiflora, Brazilian savanna). (d) Bud-
bearing root with suckers (Embothrium
coccineum, Chilean temperate rainforest).
(e) Nonwoody rhizome of a grass species
(Brazilian savanna). (f) Woody rhizome
connected to a knot (Mimosa leiocephala,
Brazilian savanna). (g) Rhizophore of
Chrysolaena(Vernonia) platensis, Brazilian
savanna.PhotosbyJ.G.Pausas(a),S.Paula(b,
d), B. Appezzato-da-Gloria (c, e, g) and T.
Zupo (f).

high concentration of renewal buds. Two types of basal burls are
recognized: lignotubers and xylopodia; they essentially only occur
in fire-prone ecosystems. The term  ‘burl’  has a more general
meaning; it is often used for woody swellings induced by pathogens
or 1njury, typically produced above ground, and not necessarily
linked to a bud bank (James, 1984). However, in the ecology
literature, theuseof  ‘basalburl’  isnowwellestablished forswollen
woody structures at the base or below ground with an accumulation
of buds used for resprouting after disturbance (Keeley et al., 2012).
Some early researchers referred to it as a root-crown (Jepson, 1916)
or Tootstock’ (whichincludesbothlignotubersand thickenedroot
crowns; Bowen & Pate, 1993; Rebelo, 2001). Typically, plants start
to accumulate buds and generate the basal burl from the seedling
stage (1.e. basal burls are ontogenetically fixed; Paula et al., 2016).
Among some root-crown resprouters, multiple resprouting events
or particular (stressful) conditions may result in thickening of the

root-crown to resemble a basal burl (termed basal burls of secondary
origin in Rizzini & Heringer, 1961; Keeley etal., 2012; and
thickened root crown in the BBB database, Table S1; Notes S1); in
many cases, only by looking at undisturbed young plants is it
possible to distinguish between basal burls and thickened root-

crowns.

Lignotuber These swollen woody structures are located at the
transition between the stem base and root crown of woody shrubs,
mallees and small trees, and are formed from stem tissues.
Lignotubers were initially described in Eucalyptus (Kerr, 1925)
but are now known in many phylogenetically distant families,
including gymnosperms and angiosperms (Table S1). The bud bank
mitially develops at the cotyledonary axils, with accessory buds
around the primary bud proliferating to form bud clusters on
swellings that gradually coalesce to form a massive bud bank (Del



Tredici, 1998; Mibus & Sedgley, 2000; Paula et al., 2016). In some
species, adventitious buds also develop exogenously at the base of
the cotyledons (Molinas & Verdaguer, 1993; Mibus & Sedgley,
2000) or endogenously within the lignotuber tissues (Chattaway,
1958; Graham et al., 1998). In some large species, the lignotuber
might be suppressed or inconspicuous when the juvenile develops
in the absence of disturbance, and adults resprout epicormically;
but if severely burnt, the lignotuber may become functional (Kerr,
1925; Abbott & Loneragan, 1984; Burrows, 2013). Bud-bearing
burls on other parts of the plant have sometimes been termed
lignotubers (e.g. layered branches in Sequoia sempervirens, Del
Tredici, 1998; woody rhizomes of Podocarpus spp., Ladd &
Enright, 2011); we prefer the term burls for these structures and
limit the term lignotuber to those basal structures originating in the
cotyledonary region.

Lignotubers are typically 15-50 cm wide (in adults) but may
reach ¢. 100 cm (Banksia attenuata; Lamont et al., 2011) or more in
large trees. They are partially or totally buried (Clarke et al., 2013;
Paula et al., 2016), and contain numerous dormant buds over the
entire lignotuber surface; therefore, buds may be located deep in the
soil (up to 20 cm; Beadle, 1940). The number of buds in the
lignotuber ranges from several hundred (e.g. Erica species; Riba,
1998; S. Paula & J. G. Pausas, unpublished) to several thousand
(e.g. Eucalyptus species; Wildy & Pate, 2002). The large size of the
bud bank and its high degree of protection make lignotubers
especially adaptive where high-intensity fires are frequent, and thus
they are common in Mediterranean fire-prone ecosystems (Keeley
et al., 2012; Paula et al., 2016), although they also occur in fire-
prone temperate forests and tropical savannas in Australia (Table
S1). In addition, it is known that lignotuber occurrence is a
phylogenetically labile trait (Bond & Midgley, 2003; He et al.,
2011); even intraspecific variability has been reported and linked to
fire-proneness (Lamont & Markey, 1995; Schwilk & Ackerly,
2005; Verdaguer & Ojeda, 2005). Overall, these data indicate that
lignotubers should only be selected for when they are the key to
postdisturbance survival, as in fire-prone ecosystems. Lignotubers
store starch, in addition to buds (Table S2); however, most of the
starch sustaining resprouting is stored in the root system (Smith et
al., 2018).

Xylopodium (plural: xylopodia) These are basal woody burls that
originate from the hypocotyl and sometimes the upper part of the
main root; as development proceeds, the bases of the branches may
lignify and contribute to the structure of the xylopodium
(Appezzato-da-Gloria & Cury, 2011). Xylopodia are typically
smaller than lignotubers (e.g. 2-5 cm wide). The buds are axillary
or adventitious originating from the cambium of the xylopodium;
they are usually located on the upper part of the xylopodium, i.e.
close to the soil surface (Lopes-Mattos et al., 2013; da Silva et al.,
2014). They may be supported by a taproot tuber (Fig. 1) or by a
few swollen lateral or adventitious roots (tuberous roots; Fig. 2¢).
Owing to the small size of the xylopodium and the restricted
location of the buds on this organ, the number of buds is fewer (c.
150recorded in Eupatorium ligulaefolium; Fidelis et al.,2010), and
their xylem is not as contorted as in lignotubers (Appezzato-da-
Gloria et al., 2008; Lopes-Mattos et al., 2013; da Silva et al., 2014).

Some species store fructans or starch in the xylopodium (Table S2);
however, in most cases the xylopodium lacks reserves and these are
instead associated with the tuberous roots where carbohydrates are
stored (Table S2; Fig. 2¢).

Xylopodia were recognized long ago in Brazilian grasslands
(Warming, 1893; Lindman, 1900) and are common in South
America, especially among Fabaceae and Asteraceae (Table S1).
There is a tendency to call all basal burls observed on that continent
as xylopodia; however, anatomical studies show that some burls in
the Brazilian savannas are better described as lignotubers (e.g.
Styrax camporum Appezzato-da-Gloria, 2015). While Maurin et al.
(2014) placed the geoxyles that they studied in south—-central Africa
under the general umbrella of xylopodia, our literature search
indicated that they are more likely to be lignotubers, woody
rhizomes and/or taproot tubers (Lamont et al., 2017). In general
terms, lignotubers are associated with larger woody shrubs and
mallees occurring under high-intensity fire regimes, whereas
xylopodia tend to occur among smaller shrubs and forbs, often with
seasonal stems, under frequent low-intensity fires in grasslands and
savannas; however, without a detailed inspection it is often difficult
to ascertain the actual type of basal burl.

Rhizomes

Many plants have subterranean stems that grow horizontally (or
semivertically) from a parent plant without a defined limit. Each

‘segment’  1s typically called a ‘thizome and may support aerial
shoots and adventitious roots. Some authors (Appezzato-da- Gloria,
2015) have proposed that the term rhizome be restricted to
belowground stems with no secondary growth (Holm, 1929), and
instead use the term  ‘sobole”  for those with secondary growth.
However, most of the literature uses ‘thizome in a general way for
perennial, belowground horizontal stems independent of their
woodiness (Bell,2008) thatweaccepthere. Inaddition, ‘sobole’ has
been used not only for woody rhizomes (Rizzini & Heringer, 1966;
Alonso & Machado, 2007) but also for slender and nonwoody stems
among monocots (Bell, 2008; Saxena, 2010). We propose that the
term sobole be restricted to (and consider it synonymous with)
woody rhizomes, in contrast to nonwoody rhizomes (that may be
fleshy or dry and wiry). Rhizomes may arise at depth
(hypogeogenous) or be initiated at the soil surface and then pulled
beneath the soil by contractile roots (epigeogenous) (Klimesova &
Klimes, 2007); the latter are more characteristic of nonfire-prone
ecosystems. Rhizophores that grow downwards and give rise to
roots are also included under the umbrella of rhizomes (sensu lato).
The main functions of rhizomes are lateral spreading, vegetative
reproduction and increased ability to survive shoot loss. Many
rhizomatous species are highly successful in fire-prone ecosystems,
ranging from fleshy herbs to evergreen trees.

Nonwoody rhizomes (rhizomes sensu stricto) These are herba-
ceous stems that spread laterally below ground; they lack secondary
growth and produce aboveground leaves or shoots. These rhizomes
were first described in ferns, and then applied to many monocots
and some basal herbaceous eudicots (Holm, 1929; Raunkiaer,
1934; Table S1); currently, the term is applied to nonwoody



belowground stems in any plant. Nonwoody rhizomes show a
unipolar stem branching system consisting of one axis stem with
buds (covered by cataphylls) generating aerial leaves or shoots and
adventitious roots. Typically these rhizomes originate from the
apex of the seedling epicotyl (plumule), and subsequent rhizomes
arise from axillary buds on the parent rhizome. Some nonwoody
rhizomes are fleshy while others are dry and stiff (Box 1); typical
examples of the former are Moraea (Iridaceae), with fire-simulated
flowering (Lamont & Downes, 2011), and of the latter are Poales
(graminoids) that are strongly linked to disturbances such as surface
fire and grazing. The reserve component stored in the rhizome is
quite variable among taxa (Table S2).

Rhizophore This term originally described the leafless axillary
branch arising from stolons of the lycopod Selaginella that produces
roots from its apex on entering the soil (Lu & Jernstedt, 1996); it is
also used for the leafless stems with positive geotropism in the
mangrove Rhizophora mangle (Menezes, 2006). As now used for
species in fire-prone environments, it refers to nonwoody rhizomes,
slightly fleshy and leafless, that originate from a bipolar branching
system, that is, with aerial shoots and subterranean shoots growing
downwards that produce roots; they lack a primary root system
(Menezes, 2007). A classic example of a rhizophore system is
Chrysolaena obovata (= Vernonia herbacea, Asteraceae) in the
Brazilian savannas (Table S1). Rhizophores often become locally
swollen and remarkably complex as in Dioscorea alata (Table S1);
these tuberculized rhizophores are basically stem tubers attached to
rhizophores. The length of rhizophores is highly variable, andthey
can develop from axillary cotyledonary buds (Rocha & De

Menezes, 1997; Hayashi & Appezzato-da-Gloria, 2005), below-
ground buds of the cauline axis (Martins et al., 2011) or from a
thickened hypocotyl (Menezes, 2007). Rhizophores occur in
monocots and dicots in tropical savannas (Table S1), although
more research is needed to properly understand the structure of this
organ as well as its geographical and taxonomic distribution. Buds
supported by rhizophores are often deeply buried and are thus well
protected from fire (Overbeck & Pfadenhauer, 2007). Sometimes
the rhizophore also permits vegetative reproduction when the
tuberculized part splits from the parent plant (Rocha & De
Menezes, 1997). Carbon reserves are stored in the rhizophore and/
or the roots (Table S2).

Woody rhizome (= sobole) These are long woody stems that
grow horizontally under the soil surface and produce new aerial
stems (ramets) from buds located along the rhizome or from the
knots connecting them (Fig. 2f). Woody rhizomes were first
described in Brazilian savannas (Warming, 1893), and later
recorded among eucalypts in Australia’ s fire-prone ecosystems,
and among oaks in temperate and Mediterranean ecosystems
(Table S1). They originate from the cotyledonary axil in
hypogeous species and at the base of an enlarged hypocotyl in
epigeous ones (Alonso & Machado, 2007). Subsequent woody
rhizomes arise from axillary buds on the parent rhizome or the
connecting knot. They are typically located 5-50 cm below
ground and bear many dormant buds, most of which are
concentrated in the connecting knots (Tiedemann et al., 1987).
Plants with woody rhizomes resprout profusely after fires, and
colonize space vegetatively (Table 1); they are characteristic of

Box 2 Geoxyles, underground trees and woody clumps

Burtt Davy (1922) noted that suffrutices are plants with annual stems from aperennialwoody crown orunderground system. Lindman (1914), citedin
DuRietz (1931), suggestedtheterm geoxylesfor a plant growth form with large woody underground structures and with an aboveground biomass of
only afewyears’duration. White (1977) later defined geoxylic suffrutice as plants with deciduous or short-lived shoots with a massive underground
structure. Theseearlyauthorsalsonotedthat,inmanycases, geoxylicsuffruticesarecongenerictotrees,andthus Whiteusedtheterm ‘underground
forest’inthe title of his paper. Since then, other researchers have used the term underground treesto refer to geoxylic suffrutices (e.g. Maurin etal.,
2014). Thesetwotermshavebeenusedmainlyinreferencetosavannaecosystems (White, 1977; Pennington & Hughes, 2014) anditisinthe tropics
where they are most diverse. A notable example is Jacaranda decurrens, a short neotropical plant that may spread more than 20 m due to woody
rhizomes that elongates after each fire and can live for over 3000 yr (Alves etal., 2013).

Here we propose to generalize the term geoxyle to any plant that resprouts after disturbance from buds located on prominent woody underground
structures (woodyrhizomes, xylopodiaorlignotubers;Lamontetal.,2017),independentoftheirphylogeneticcontext;almostallgeoxylesoccurinfire-
prone ecosystems and resprout vigorously after fire, and in fact, fire is the main reason the shoots are short-lived. Thus, we propose that there are not just
suffrutescent geoxyles, but also chamaephyte geoxyles and phanerophyte geoxyles. For instance, there are some shrubby oaks in fire-prone
ecosystems of the Northern Hemisphere (e.g. Quercus gambelli; Q. lusitanica, Q. coccifera) that can be classified as (nano-)phanerophytic geoxyles as
they have anetwork of woody rhizomesthatcanformbroadcarpets of asingle genet. Plantsthat arise fromasinglelignotuber (e.g. Paula et al.,2016)
orxylopodiumarealsoplacedundergeoxyles,includingmalleetreesin Australia(mega-phanerophyticgeoxyles). Ourconceptofgeoxylesincludes
manyofthespeciesthatform woodyclumpsasdescribedbyLacey & Johnston(1990). Whilemostgeoxyleshavewoodyrhizomesorbasalburls, there
aresomespeciesproducinglargetree-likeclumpsthankstoamassiverootsystemthatgeneratesmanyrootsuckersthatformtallerectstemsafterfire
(some Populusspeciesformclonaltrees of several hectares; Mitton & Grant, 1996);these may alsobe treated as geoxyles.

Consequently, there are three general categories of underground resprouters: (1) geoxyles: woody resprouters with large woody underground parts
(xylopodia, lignotubers, woody rhizomes) thatbear a fewto many concealed buds - they often produce perennial stems butthere are also many with
ephemeral shoots (suffrutescent geoxyles); (2) geophytes: resprouters with nonwoody underground parts that bear a few concealed buds (bulbs,
corms, nonwoody rhizomes, stem/roottubers, belowground caudex) thatusually possess annual stems; and (3) otherbasal resprouterswithoutany
specialized BBB structure - woody or nonwoody plants that resprout from unmodified roots or from the root crown. A fourth group of resprouters not
considered here are the aerial resprouters (aeroxyles), whose main stems survive fire and recover from aboveground buds; this group includes epicormic
resprouters (Pausas & Keeley, 2017) and palm-like plants with apical resprouting.




many geoxylic species (Box 2). For instance, Quercus coccifera and
Q. lusitanica in the Mediterranean Basin are highly resilient to
recurrent fires (Malanson & Trabaud, 1988; Ojeda et al., 1996);
they may form carpets of stems with an intricate rhizome system,
where it 1s impossible to distinguish genetic individuals. Banksia
candolleana, with new rhizomes that extend radially 5-10 cm after
each fire, 1s estimated to reach an age exceeding 1000 yr (Merwin
etal.,2012). The largest known genet of Jacaranda decurrenshas a
circular crown 22 m in diameter (although only 50 cm tall) and
occupies 380 m? thanks to its woody rhizomes, and has an
estimated age of 3800 yr (Alves etal.,2013).

Fleshy underground swellings

Many perennial herbaceous plants have swollen underground
structures with one or a few buds. They are more related to
carbohydrate, water and mineral-nutrient storage for assisting
seasonal dynamics than to the accumulation of buds. However, the
buds are well protected by the soil due to their geophytic habit and
are especially adaptive in fire-prone ecosystems with highly seasonal
climates (Table1). Depending on the origin and morphology of
these structures, they have different names, including bulb, corms,
stem tubers, adventitious root tubers and taproot tubers (all of
whichare describedinNotes S2; see also Box 1). The type of stored
carbohydrate compound is variable (Table S2). Plants with these
fleshy swellings are common in fire-prone ecosystems, and they
resprout quickly after fire, sometimes with spectacular postfire
flowering (Lamont & Downes, 2011; He et al., 2016a). Mediter-
ranean ecosystems are rich in these species (Pate & Dixon, 1982;
Parsons & Hopper, 2003), especially the Cape region (Proche_s
et al., 2006), where bulbs and tubers were consumed by early
hominids (Dominy et al., 2008) and they are now widely used in
horticulture. There are many geophytic species that only flower or
germinate after fire (Le Maitre & Brown, 1992; Keeley, 1993), and
this pyrogenic flowering has been used to trace back the origin of
fire-prone ecosystemsin the Caperegion (Bytebiereral.,2011;He
etal.,2016a). Taproot tubers are more common in savannas and
semiarid ecosystems than in Mediterranean regions. Some bulbous,
cormous and tuberous plants have contractile secondary roots that
pull down the perennating organ (Pfitz, 1998), thus increasing
insulation by the soil.

Belowground caudex

Some species with a single stem surrounded by persistent dead
leaves or leaf bases, as in grasstrees (Xanthorrhoea, Kingia), aloes,
palms, cycads and Velloziaceae, have an undivided (monopodial)
trunk called a caudex. In some cases the caudex may spend many
years below ground level, with their buds protected from heat by the
soil and their compact young leaves, before they emerge. Despite
only having one (apical) bud, they are reliable postfire resprouters.
Grasstree caudexes may lie 30 cm below ground, and may remain
underground for up to 60 yr (Lamont & Downes, 1979; P. Curtis,
pers. comm.). The cycad caudex may arise from a depth of 80 cm
(Lamont, 1984), dragged down by its contractile taproot, and might
never emerge from the soil. Belowground caudexes are

common in Australian temperate regions and rare in Brazilian
savannas (Table S1).

The evolution of belowground bud banks in fire-prone
ecosystems

Fire-prone ecosystems are rich in species with BBBs, as the
protection of the buds by the soil provides fitness benefits in the
presence of frequent fires (Flinn & Wein, 1977; Schimmel &
Granstrom, 1996; Vesk et al., 2004). Some structures may have
been selected for by recurrent fire, as with many lignotubers, woody
rhizomes and xylopodia (Maurin et al., 2014; Paula et al., 2016;
Lamont et al., 2017). Others have come from lineages that had
traits for lateral spreading (colonization) or for seasonal dynamics
that were later conserved in fire-prone communities thanks to their
capacity to withstand recurrent fires (fleshy underground swellings,
bud-bearing roots). The sequence of these two processes is not easy
to identify as both may have occurred simultaneously or certainly
contemporaneously, or alternated in different periods (Keeley et
al., 2011). There 18 increasing evidence that many fire-adaptive
traits arose as a direct response to fire rather than seasonality that
developed later (Lamont & He, 2017; Lamont et al., 2017). Basal
resprouting may have been selected for by a range of disturbances in
early ecosystems that included floods, strong winds, drought,
grazing and fires, and thus it can be considered an ancient and
widespread functional trait (Pausas & Keeley, 2014). However, as
we have shown above, there is a diversity of organs that provide this
same functionality, and different organs may have evolved under
different ecological and biogeographic settings (convergent evolu-
tion). There are few fossils indicative of BBBs and few phylogenetic
analyses that include information on the type of BBB (Table S3,
Fig. 3). However, even with this limited information, we can detect
some trends in the evolution of BBBs that is tied to the long
existence of disturbances in terrestrial ecosystems. Note that lineage
ages we provide below have some uncertainty (Fig. 3).

An early origin

Well-developed nonwoody rhizomes have been observed in
Paleozoic fossils (Tiffney & Niklas, 1985; Retallack, 1999) and
they are present in many extant ferns from lineages that can be
traced back to the Paleozoic (350-250 Ma; Equisetaceae,
Ophioglossaceae) and early Mesozoic (Polypod ferns; Pryerezal.,
2004). Giventhe abundance of fires in some Paleozoic periods such
as the Carboniferous, when atmospheric oxygen levels where high
(Pausas & Keeley, 2009), the presence of rhizomes might have
providedaclearadvantage forthese plants. Infact, theextinction of
ferns at the Permo-Triassic boundary was greater among nonrhi-
zomatous species (Tiffney & Niklas, 1985). Similarly, the
expansion of angiosperms in a gymnosperm-dominated world
may have been helped by low-intensity fires that favored weedy
rhizomatous angiosperms during the Cretaceous (Feild & Arens,
2005; Bond & Scott, 2010). Our phylogenetic compilation for
some angiosperm lineages indicates that rhizomes of monocots
have at least a Cretaceous origin (for fossil evidence, see Doyle,
1973). Several Southern Hemisphere plant families of monocots
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with nonwoody rhizomes, including Anarthriaceae and Hae-
modoraceae, both with pyrogenic flowering (He et al., 2016a), and
Ecdeiocoleaceae, with pyrogenic germination, are the oldest fire-
prone angiosperm clades detected so far (Fig. 3). In summary,
having a nonwoody rhizome (or the geophytic habit) is likely to be
an ancestral trait among many land plants, especially among
monocots.

The evolutionary history of geophytes with fleshy swellings is
poorly known. There is evidence of an underground storage organ
wrapped by swollen leaf bases, and rhizomes bearing tubers among
Cretaceous angiosperms (Krassilov & Volynets, 2008; Srivastava &
Krassilov, 2012). Geophytic monocots occur in all ecosystems
(including those not subject to recurrent fires; Table S1); they are
also well represented in many fire-prone ecosystems, where many
species have become fire-dependent (e.g. with fire-stimulated
flowering; Keeley, 1993; Bytebier et al., 2011). Terrestrial orchids
almost universally have adventitious root tubers and date from at
least 60 Ma. Arising + 40 Ma, the Orchideae possesses fire-
stimulated flowering as an ancestral trait, indicating that its fire
history must be even longer (Lamont & He, 2017). Caesia
(Xanthorrhoeaceae), with adventitious root tubers, can be tracedto
c. 40 Ma (Fig. 3). Tribonanthes (Haemodoraceae), confined to
seasonally wet heath in south-west Australia, possesses stem tubers
and dates from the mid-Eocene (Fig. 3). In summary, our analysis
suggests that geophytes are likely to be of Mesozoic origin, with
their evolution escalating during the Cenozoic.

With an origin > 250 Ma, cycads are the oldest extant seed
plants with the ability to resprout after fire from below the
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ground surface (belowground caudex), and given that all current
cycads resprout, it 1s likely that this ability is ancestral in the group;
however, the diversification of this group is much more recent
(Nagalingum et al., 2011) and thus the origin of their resprouting
ability is difficult to trace. The best-known flower- ing-plant group
with a caudex is Xanthorrhoea, although some (younger) species
are rhizomatous. This highly fire-prone grasstree genus with
pyrogenic flowering is estimated to have evolved 60-40 Ma (Crisp
et al., 2014). Fossil evidence suggests that Triassic conifers (early
Podocarpaceae; 250-230 Ma) were already able to produce root
suckers (Decombeix et al., 2011) similar to many extant conifers
representative of old lineages (Podocarpaceae, Araucariaceae,
Mesozoic origin; Table S1). Root suckering is currently
widespread in many angiosperm lineages in most ecosystems
worldwide, although little research is available (Table SI; see
Klimesova etal., 2017 for temperate ecosystems) and thus our
phylogenetic compilation is poor in this regard (Fig. 3).
Another BBB that is likely to be of Mesozoic origin is the root
crown. Despite poor knowledge of root-crown resprouting, it is
clearly present in many species, including a few conifers (Table S1).
In addition, most epicormically resprouting species may also
resprout from the base (root crown, lignotuber) at least when
young, and thus it is likely that epicormic resprouting is derived
from basal resprouting ancestors. If so, and given widespread
resprouting ability among conifers (94 species in 41 generaamong
all six extant families; He et al., 2016b), root-crown resprouting is
likely to be of Mesozoic origin. For angiosperms, the widespread



presence of epicormic, root-crown and lignotuber resprouting
among Myrtaceae suggests an age for the root crown bud bank is
more than 60 Ma (Fig. 3). In support, the origin of the genome of
Eucalyptus grandis has recently traced to 110 Ma (Myburg et al.,
2014).

The rise of geoxyles

With increased fire activity during the Cenozoic, and especially
since the Late Miocene (Bond, 2015), the ancestral (Paleozoic and
Mesozoic) traits were the raw material on which fire-driven
selection could act, and have shaped the efficient postfire
resprouting structures characteristic of the geoxylic growth form
(Box 2). The transition from root-crown resprouting to the
formation of basal burls (lignotubers, xylopodia) may be an
example of this process, as the former is widely distributed in many
ecosystems while the latter 1s almost completely restricted to fire-
prone ecosystems. The oldest lignotuberous genus detected so far is
Franklandia (Proteaceae; Fig. 3) that probably arose 80 Ma from
rainforest ancestors (He et al., 2016¢). Eucalyptus (Myrtaceae),
which evolved 60 Ma (Fig. 3; Table S3) and dominates much of the
Australian nonarid flora, predominantly resprouts epicormically
but most juvenile plants pass through a lignotuberous phase
(Burrows, 2013; Table S1). Mallees, which can be considered large
shrubs with lignotubers, appear to be a development associated
with increasing fire-proneness in the Miocene and therefore
represent a reversion to the juvenile condition (M. Crisp., pers.
comm.). Ceanothus (Rhamnaceae) in California is of particular
interest as the genus split at 23 Ma into a nonresprouting section
(subgenus Cerastes) and a lignotuberous section (subgenus
Ceanothus) (Fig. 3; Keeley et al., 2012; Onstein et al., 2015). The
condition of the parent stem is unknown but it is likely that it was
not fire-prone before 43 Ma. The Protea ancestor arose 28 Ma in
the Cape region (South Africa) and was a nonresprouter, with the
lignotuberous form first arising 18.7 Ma (Lamont et al., 2013).
Invasion of the savanna grasslands by proteas was delayed  until
12.5 Ma, and diversification began 5 Ma later again, when a
lignotuberous subclade evolved from a nonresprouting ancestor

Belowground caudex |

that was adapted to the much more frequent fires there (Lamont
, 2017).
Similarly, the origins of xylopodia and woody rhizomes in South
America match the age of the origin of flammable savannas in that
region, and evolved from rainforest ancestors: species/lineages with
xylopodia there have arisen independently many times in the huge
Mimosa genus (Fabaceae) (Simon et al., 2009), averaging 4 Ma
with a maximum age of origin for one lineage of 9.1 Ma and two
species separating just 18 000 yr ago (calculated considering the
stem as origin for the lineage in Simon et al., 2009). By contrast, the
Microlicieae tribe of Melastomataceae arose at 17.2 Ma andbegan
to diversify at 9.9 Ma with the most recent speciation event at

0.67 Ma among five genera. It is instructive to compare these data
with the equivalent growth form (subshrub geoxyles) in a matched
environment (tropical grasslands) in southern Africa: a meanof
3.6 Ma with a maximum at 15.2 Ma and a minimum at 0.3 Ma (data
for 22 families collated from Maurin et al., 2014; see Lamont et al.,
2017). Thus, even though the African species are probably
lignotuberous-rhizomatous (Table S1; Lamont et al., 2017), this
evidence of their coincident origins can be attributed to the rise of
highly fire-prone, tropical grasslands worldwide ¢. 10 Ma (Pen-
nington & Hughes, 2014).

et al.

Concluding remarks

Burying buds is a strategy for the persistence of individuals in
disturbance-prone ecosystems. Because soil 1s an efficient insulator
of meristems from the heat of fire, this strategy provides fitness
benefits in fire-prone ecosystems. Consequently, there 18 a high
diversity of BBB organs that allow plants to successfully resprout
after any fire that they are likely to experience; yet they are
morphologically and anatomically diverse and have distinct
evolutionary histories (analogous). Thus, there 1s much functional
convergence among BBBs. Considering their history and function
(but not their anatomical structures), this diversity of BBBs may be
divided 1n three groups. (1) Those that originated in the early
history of plants (Paleozoic and Mesozoic) and are currently
widespread in many species, mainly woody dicots in  different
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lineages and environments; they act as a resprouting source after a
range of disturbances, not just fire. These include bud-bearing roots
and root crowns. (2) Those that also originated early in the
evolution of vascular plants and have spread mainly among
monocots and ferns. They are characteristic of the geophyte and
graminoid growth forms occurring in many ecosystems, often tied
to seasonal stresses; they have been highly successful under
recurrent fire regimes. They also include nonwoody rhizomes and
a diversity of fleshy underground swellings. (3) Those that
originated later in history (throughout the Cenozoic) and are
strongly tied to fire-prone ecosystems. They are characteristic of the
geoxyle growth form (Box 2) and include woody rhizomes,
lignotubers and xylopodia. While all BBBs are common in fire-
prone ecosystems and their evolution may have been fine-tuned by
varying fire regimes, the third group is the one that is most likely to
have been strongly selected for by fire, and thus provides a clear case
of convergent evolution for postfire resprouting.

The study of BBBs is still in its infancy. This review is intended
to set the scene for understanding BBBs at the global scale. Our
database (Fig. 4; Table S1; Notes S1) is the first global compilation
of the diversity of BBBs; it is focused on (but not exclusive of)
species from fire-prone habitats, and we have prioritized quality
rather than quantity of data. It needs to be enlarged as we
continuously learn about this topic. Understanding BBBs for a
large number of species should provide clues to the diversity of
forms that plants have evolved as a response to particular
disturbance regimes and the timing of their appearance helps us to
understand the key drivers of the Earth’ s biodiversity. BBBs also
provide key information in understanding responses to future
disturbance regime changes. Given that BBB organs often store and
use carbon resources (carbohydrates), they are also a key to
ecosystem food webs and function, including acting as an
important sink for carbon dioxide. Research on BBBs should be
multidisciplinary, including resprouting experiments to reveal their
fitness benefits as well as morpho-anatomical analyses, together
with phylogenetic approaches. Recognizing the diversity of BBBs
provides a basis for understanding the manyevolutionary pathways
available to plants for responding to severe recurrent disturbances.
We hope this review will provide a turning point for new BBB
research.
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Table S2 Carbon reserve compounds in selected BBB species

Examples of carbon reserve compounds recorded for species with different BBB organs. For each species, we include the ecological and
biogeographic distribution, plant woodiness (suffrutex refers to plants with herbaceous short-lived shoots from woody bases), and
location of the carbon storage reported in the given reference. Note that the energy reserves supporting resprouting are mostly non-
structural carbohydrates, usually starch. Nevertheless, many species inhabiting cold or seasonally-dry ecosystems store fructans,
particularly Asteraceae and Poaceae (Hendry, 1993; Moraes et al., 2016). Fructans not only act as a carbon reserve but also provide
resistance to cold, freezing and drought stress (Van den Ende, 2013). Mono- and oligosaccharides might also be present in storage
organs, although in many cases they reflect carbohydrate remobilization and utilization (particularly glucose, fructose and sucrose;
Martinez-Vilalta et al., 2016), rather than carbon storage (but see the raffinose family of oligosaccharides; Van den Ende, 2013). Some
monocots store lipids in root tubers (see table). Proteins are also present in some storage organs (particularly root tubers; Pate &
Dixon, 1982), but they are essentially a nitrogen reserve, and thus are not in this table. Structural carbohydrates might also contribute
to the energy budget supporting resprouting, but evidence is scarce (Braga et al., 2006) and so are not considered here. See Notes S1
for the criteria considered in the taxonomic names.

BBB organ |Species Family Distribution Plant C-storage Main C reserve |Reference
(including realm) woodiness |organ
Bulb Drimia maritima |Asparagaceae Mediterranean Non-woody |bulb lipids and Al-Tardeh et al.,
shrublands - polysaccharides [2008
Palearctic
Bulb Cipura paludosa, |Iridaceae Several biomes — Non-woody |bulb starch Almeida et al,,
C. xanthomelas Neotropics 2015
Caudex Xanthorrhoea Xanthorrhoeaceae |Mediterranean Non-woody |stem (in starch Lamont et al.,
preissii forests to shrublands desmium) 2004
— Australasia
Corm Stylidium Stylidiaceae Mediterranean Non-woody |corm starch Dixon et al., 1983
petiolare shublands —
Australasia




Corm Trimezia Trimezieae Tropical savannas— |Non-woody |corm starch Almeida et al.,
cathartica, T. Neotropics 2015
juncifolia
Corm-like Drosera zonaria |Droseraceae Mediterranean Non-woody |stem tuber starch Pate & Dixon,
stem tuber shrublands — 1982
Australasia
Lignotuber |Erica arborea, E. |Ericaceae Mediterranean Woody lignotuber starch Canadell & Lépez-
scoparia, E. shrublands — and root Soria, 1998; Cruz
australis Paleoarctic & & Moreno, 2001;
Afrotropics Paula & Ojeda,
2009
Lignotuber |Eucalyptus Myrtaceae Temperate and Woody lignotuber starch Carrodus & Blake,
obliqua, E. kochii mediterranean 1970; Wildy &
woodlands — Pate, 2002
Australasia
Non-woody |Tussilago farfara |Asteraceae Several biomes — Non-woody |rhizome fructans Nkurunziza &
rhizome Palearctic Streibig, 2011
Non-woody |Sasa palmata Bambusaceae Temperate forests — |Non-woody |rhizome starch Magel et al., 2005
rhizome Paleoarctic
Non-woody |Sisyrinchium Iridaceae Tropical forests and |Non-woody |rhizome raffinose-type |Almeida et al.,
rhizome vaginatum savannas — oligosaccharides|2015
Neotropics
Non-woody |Echinolaena Poaceae Tropical savannas — |Non-woody |rhizome and [starch Souza et al., 2010
rhizome inflexa Neotropics root
Non-woody |Imperata Poaceae Several biomes — Non-woody |rhizome starch Moraes et al.,
rhizome brasiliensis Neoarctic & 2013

Neotropics




Rhizophore |Smallanthus Asteraceae Montane grasslands |Non-woody |rhizophore fructans Machado et al.,
sonchifolius — Neotropics 2004
Rhizophore |Chrysolaena Asteraceae Tropical forests and |Non-woody |rhizophore fructans Machado et al.,
obovata savannas — 1997
(=Vernonia Neotropics
herbacea)
Rhizophore |Dioscorea Dioscoreaceae Tropical savannas — |Non-woody |rhizophore starch Rocha & Menezes,
kunthiana Neotropics 1997
Rhizophore |Smilax goyazana, |Smilacaceae Several biomes — Suffrutex root starch Martins et al.,
S. brasiliensis, S. Neotropics 2010
oblongifolia, S.
campestris, S.
cissoides
Root crown |Celmisia Asteraceae Montane grasslands |Non-woody |root fructans Tolsma et al.,
pugioniformis — Australasia 2007
Root crown |Quercus ilex Fagaceae Mediterranean Woody root starch El Omari et al.,
forests — Palearctic 2003
Root crown |Clidemia sericea |Melastomataceae |Tropical forests and |Woody root starch Miyanishi &
savannas — Kellman, 1986
Neotropics
Root tuber |Chamaescilla Asparagaceae Mediterranean Non-woody |root tuber oligosaccharides|Shane & Pate,
corymbosa shrublands — 2015
Australasia
Root tuber |Burchardia Colchicaceae Mediterranean Non-woody |root tuber starch and Pate & Dixon,
congesta forests — Australia fructans 1982




Root tuber |Leptoceras Orchidaceae Mediterranean and |Non-woody |root tuber starch Pate & Dixon,
menziesii temperate forests — 1982
Australasia
Root tuber |Clematis Ranunculaceae Mediterranean Woody root tuber starch Pate & Dixon 1982
pubescens shrublands —
Australasia
Root tuber |Asphodelus Xanthorrhoeaceae |Mediterranean Non-woody |root tuber lipids and Sawidis et al.,
aestivus shublands — polysaccharides |{2005
Palearctic
Roots, root |Chresta Asteraceae Tropical savannas — |Woody root fructans Appezzato-da-
crown sphaerocephala Neotropics Gléria et al., 2008
Roots, root |Cirsium arvense |Asteraceae Several biomes — Non-woody |root fructans Nkurunziza &
crown Palearctic Streibig, 2011
Roots, root |Populus Salicaceae Temperate forests — |Woody root starch Landhdusser &
crown tremuloides Nearctic Lieffers, 2002
Stem tuber | Trixis nobilis Asteraceae Tropical savannas — |Suffrutex stem tuber fructans Appezzato-da-
Neotropics Gloria & Cury,
2011
Taproot Gyptis lanigera  |Asteraceae Tropical savannas Non-woody |taproot tuber |fructans Appezzato-da-
tuber Gléria et al., 2008
Xylopodium |Mandevilla Apocynaceae Tropical forests and |Suffrutex xylopodium |starch Appezzato-da-
pohliana, M. savannas — and root Gloria & Estelita,

illustris, M.
atroviolacea

Neotropics

2000; Lopes-
Mattos et al.,
2013




Xylopodium |Pterocaulon Asteraceae Tropical forests and |Non-woody |xylopodium |fructans Appezzato-da-
alopecuroides savannas — Gloria & Cury,
Neotropics 2011
Xylopodium |Stenocephalum |Asteraceae Tropical forests and |Suffrutex root fructans Appezzato-da-
(Vernonia) savannas — Gléria & Cury,
megapotamicum, Neotropics 2011
Lessingianthus
elegans
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Table S3 Time of origin of BBB for selected lineages

Oldest time of origin of different types of BBB for selected lineages (see Fig. 3 of the main text), with their vegetation types (all fire-
prone) and distribution. We include both stem (origin) and crown (diversification) ages (in Ma) extracted from published phylogenies:
the specific origin of the trait for the given lineage should be somewhere at or between these ages. Entries under Lineage in parenthesis
is the sister lineage that lacks the trait; in some cases (e.g. Ceanothus, Soroveta), it is possible that the immediate ancestor had the
same condition but knowledge is currently inadequate to determine this (so the age of the BBB is conservative in this regard).
References include the source of information for the phylogeny and for the trait. BBB listed alphabetically. Heath = sclerophyllous
shrubland to 1 m tall, scrub-heath = sclerophyllous shrubland to 2.5 m tall, savanna = (sub)tropical grassland with scattered trees.

BBB Family — subfamily Lineage (sister Stem age| Crown Vegetation type Current References
lineage) (Ma) age (Ma) location
Belowground Asphodelaceae — Xanthorrhoea 59.5 22 Heath, scrub-heath, |Australia Crisp et al., 2014;
caudex Xanthorrhoeoideae (Asphodeloideae) woodland, forest caudex diagnostic for
entire genus
Corm Iridaceae Gladiolus- ~30 26 Heath, scrub-heath Cape, Valente et al., 2011;
Melasphaerula Mediterranean | corm diagnostic for
(Iris) Basin entire lineage
Lignotuber Proteaceae — Franklandia 81.5 74 Heath, scrub-heath, SW Australia Sauquet et al., 2009;
Proteoideae (Isopogon- (fossils to woodland He et al., 2016b; T.
Adenanthinae) 75 Ma) He (unpublished)
https://florabase.dpa
w.wa.gov.au/
Lignotuber Myrtaceae — Melaleuca s.I. 50 35 Heath, scrub-heath, |Australia Crisp et al., 2011; M.
Leptospermoideae  (Osbornia) woodland Crisp, pers. comm.
Lignotuber Rhamnaceae Ceanothus subg. 23 12 Heath, scrub-heath, California Onstein & Linder,
Ceanothus (subg. woodland 2016; P. Rundel, pers.
Cerastes) comm.




Non-woody Haemodoraceae Haemodoraceae 89.5 79 Heath, scrub-heath, S Hemisphere, |Heetal., 2016a; He &
rhizome (Pontederiaceae) woodland, forest SE USA Lamont unpubl.
Non-woody Ecdeiocoleaceae Ecdeiocolea- 73.5 59 Heath SW Australia Bremer, 2002;
rhizome Georgeantha https://florabase.dpa
(Poaceae) w.wa.gov.au/
Non-woody Asphodelaceae — Pasithea caerulea 56 ? Shrubland, Peru, Chile Crisp et al., 2014; He
rhizome Hemerocallidoideae (Phormium sub- woodland & Lamont unpubl.;
clade) https://florabase.dpa
w.wa.gov.au/
Non-woody Asphodelaceae — Agrostocrinum- 46 42 Shrubland, SW/SE Australia Crisp et al., 2014; He
rhizome Hemerocallidoideae Dianella-Stypand woodland & Lamont unpubl.
Non-woody Restionaceae Soroveta ambigua 31.5 ? Scrub-heath S Africa Litsios et al., 2014
rhizome (Restio-Elegia
subclade)
Non-woody Anarthriaceae Anarthria-Lyginia- 91 50 Heath, scrub-heath, SW Australia Bremer, 2002;
rhizome Hopkinsia woodland https://florabase.dpa
(Restionaceae) w.wa.gov.au/
Root Proteaceae Banksia elegans (B. 15.5 ? Scrub-heath SW Australia He et al., 2011;
ilicifolia lineage) Lamont et al., 2011
Root crown Myrtaceae — Syncarpia- 60.5 60.0  Scrub-heath, Australia Crisp et al., 2011; M.
(epicormic*) Leptospermoideae  Eucalyptus s.l. woodland, forest Crisp, pers. comm.
(Leptospermeae-
Chamelaucieae)
Root crown Asphodelaceae — Corynotheca 46.5 6 Heath, scrub-heath, |SW, NW, C Crisp et al., 2014;
Hemerocallidoideae (Caesia-Johnsonia) woodland Australia https://florabase.dpa
w.wa.gov.au/
Root crown Proteaceae — Lambertinae 45.5 35 Scrub-heath, forest SW, E Australia Sauquet et al., 2009;

(epicormic*)

Grevillioideae

(Floydia-Darlingia)

He & Lamont unpubl.




Root tuber - Orchidaceae Orchidoideae 58 48 Heath, scrub-heath | Cape, SE Africa, | Gustafsson et al.,
adventitious (Epidendroideae) Med Basin, 2010; Givnish et al.,
Australia 2015; Lamont & He,
2017
Root tuber - Asphodelaceae — Caesia (Johnsonia) 35 ? Heath, scrub-heath, |SW, E Australia, | Crisp et al., 2014;
adventitious Hemerocallidoideae woodland Cape, https://florabase.dpa
Madagascar w.wa.gov.au/
Root tuber - Caricaceae Jarilla (Horovitzia) 18.3 7.1 Savanna México, Carvalho & Renner,
taproot Guatemala 2012; Olson, 2002
Stem tuber Haemodoraceae Tribonanthes 41.8 11.7 | Heath, wetland SW Australia Pate & Dixon, 1982;
(Conostyloideae) He et al., 2016a
Woody rhizome Proteaceae Prostrate Banksia 17 12 Heath, scrub-heath, SW Australia He et al., 2011;
lineage (shrubby B. woodland Lamont & He 2017
baueri lineage)
Woody rhizome Fabaceae - Millettia 12.4 12 Savanna SW Africa Maurin et al., 2014;
Faboideae makoudensis (M. Lamont et al., 2017
Spp. non-savanna)
Xylopodium Melastomataceae Microlicieae 17.2 9.8 Savanna (Cerrado)  Brazil Simon et al., 2009 —
(Rhynchanthera) Fig. S2d

*All species are lignotuberous at the juvenile stage but many outgrow this stage to become epicormic or root-crown resprouters from a
main trunk; thus, these lineages can be used to estimate the origin of root-crown resprouting.
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Notes S1 Description of the BBB database

The aim of the BBB database (Table S1) is to provide examples of structures that support
belowground bud banks (BBBs) of plants in different ecosystems and regions of the world. The
emphasis is on plants indigenous to fire-prone ecosystems (but not exclusively); information on
BBBs for non-woody plants in temperate environments is given in KlimeSova et al. (2017). The
database is largely based on published work, although personal observations of the authors
(and collaborators) are also included. However, there is a lot of confusion in the literature
about the terminology and definitions of the different BBBs. For instance, there are authors
who call any basal resprouter lignotuberous without checking whether the plant actually has a
lignotuber or another type of BBB; and various authors use the term rhizome and sobole in
different ways. This database reflects our interpretations based on our literature review, and
we have provided, for each species, the references on which we have based our interpretation,
although the term used in the reference may differ from that accepted in the database. Where
we are unsure of the BBB, we use a question mark (?). We discarded references that mentioned
a BBB, but the actual BBB was unclear to us. We also avoided including generalizations of some
species groups; for instance, most terrestrial orchids have adventitious root tubers, but we only
included those for which we have specific references. Thus, the emphasis is on data quality
rather than on quantity.

The current version of the BBB database (BBBdb_2017.11) includes 2115 species in 737 genera
and 173 families. The database is provided in a spreadsheet (xIs format; see Table S1), and
includes 2 sheets: Data, References. The Data sheet is explained below, the Reference sheet
provides the full references to the reference codes mentioned in the Data sheet.

The Data sheet includes a matrix with species in rows (2115 species + 1 header = 2116 rows)
and the following information for each species in columns:

+ Family: taxonomic family

- Taxon: taxonomic binomial name. In general, we used accepted names following the
Taxonomic Name Resolution Service (Boyle et al., 2013). For Brazil, we used a local flora
(Brazilian Flora, 2020), and for Western Australia the https://florabase.dpaw.wa.gov.au.
- Woodiness: presence and distribution of wood in the plant using the following five
categories:

Woodiness Definition

Woody Woody plant
Herb Non-woody plant, typically herbaceous
Suffrutex Subshrub with herbaceous short-lived (or fire-killed) shoots arising from

a woody base



Fibrous Some plants, such as tree-like monocots, tree ferns, cycads, graminoids
and bamboos, have a fibrous stem consistency that is neither woody nor
herbaceous

Variable Plant that shows variability or limited information

- BBB: belowground bud bank organ; 15 types, see table below for the categories considered
and a short definition; for more details see the main text, Box 1, Fig. 1 and Notes S2. Some
species may have several BBBs.

BBB type Location of the buds
Root Lateral roots that give rise to buds (‘gemmiferous roots’)
Root crown Root-shoot transition, typically not thickened.

(Thickened) Root crown

Lignotuber

Xylopodium

Basal burl

Rhizome

Rhizophore

Woody rhizome

Bulb

Corm

Stem tuber
Adventitious root tuber

Taproot tuber

Root-shoot transition, often thickened after multiple resprouting events
(i.e., burls of secondary origin). Thickened root crowns are often termed
‘lignotubers’ by many authors, but theses swellings are not present at a
young age.

Basal woody burl (at the root-shoot transition) of shrubs, mallees and
small trees much wider than the taproot. They appear when young
(burls of ontogenetic origin) and develop at the cotyledonary axils.

Basal woody burl of some subshrubs that originates from the hypocotyl
or the upper part of the main root provided not swollen, or from both,
and can also include the base of the stems. Only marginally wider than
the taproot.

Basal woody burl of unknown origin. It could refer to a lignotuber, a
xylopodium or to enlarged thickened root crown, but we do not have
enough information to know which.

Non-woody rhizome, i.e., a subterranean non-woody stem that usually
grows horizontally

Non-woody subterranean stem with downward-facing shoots that
produces roots

A subterranean woody stem that grows horizontally (‘sobole’)

A globose stem structure composed of outer dry and inner fleshy scales
Compressed swollen stem that lacks fleshy scales

Tuber of stem origin

Swollen, soft, lateral roots of adventitious origin that produce buds

Solitary tuber originating from the primary root that produces buds



Belowground caudex Belowground caudex (non-woody trunk of some palm-like plants)

- References: Code for the references that are used to support the BBB type.

- Biome: Biogeographical biome where the species occurs, based on Olson et al. (2001). The
14 biomes are termed as follows: TrMoist (tropical & subtropical moist broadleaved forests),
TrDry (tropical & subtropical dry broadleaved forests), TrConif (tropical & subtropical
coniferous forests), TempBroad (temperate broadleaved & mixed forests), TempConif
(temperate conifer forests), Taiga (boreal forests), TrGrass (tropical & subtropical grasslands,
savannas & shrublands), TempGrass (temperate grasslands, savannas & shrublands), FIGrass
(flooded grasslands & savannas), MontGrass (montane grasslands & shrublands), Tundra,
Med (mediterranean forests, woodlands & scrub), Desert (deserts & xeric shrublands),
Mangrove, several. This is indicative only, and it may be based on details in the references or
from other sources; some species may occur in other biomes and this is not fully accounted
for here; this column does not aim to be comprehensive but indicative.

- Realm: Biogeographic realm as follows: Afrotropic, Antarctic, Australasia, Indo-Malay,
Nearctic, Neotropic, Oceania, Palearctic, and Cosmopolitan.

- Comments: some comments are included here.
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Notes S2 Types of fleshy underground swellings

Bulb: A globose stem structure with extremely short internodes and composed of outer dry and
inner fleshy scales (non-chlorophyllous leaf structures) with a bud at the apex of the
compressed stem core. Because the bud is located in the center, it is not only protected by the
soil but also by the scales. Bulbs mainly occur among herbaceous monocots (and in a few
dicots, Table S1), and are present in many ecosystems, where the bud is protected against
many environmental constraints, such as cold, frost, and fire. They are abundant in many fire-
prone ecosystems, with some remarkable examples of species with fire-stimulated flowering
(e.g. Rhodophiala advena (Amaryllidaceae) in Chile; Keeley, 1993; Lamont & Downes, 2011).

Corm: Of the stem origin, this is morphologically similar to the bulb but it lacks fleshy scales and
the swollen is compressed. It may possess axillary buds as well as the dominant apical bud as
with stem tubers. Corms mainly occur among herbaceous monocots (Table S1). Many cormous
species display fire-stimulated flowering (e.g. Moraea; Lamont & Downes, 2011).

Stem tuber: This is a localized, swollen, underground shoot that bears nodes, each subtending
one or a few buds (‘eyes’) that may give rise to new, non-swollen shoots. Sometimes, the scars
of the primordial leaves (cataphylls) are visible at these nodes. The presence of nodes
distinguishes a stem tuber from a root tuber (Box 1). They often terminate non-swollen,
horizontally-aligned rhizomes of indefinite length, as in Solanum (dicot). In some species, stem
tubers are associated with rhizophores (see main text). The BBB organs in Drosera behave
functionally like corms but are anatomically stem tubers, and thus have been termed
pseudocorms or corm-like stem tubers (Conran, 2008). Some droseras produce rhizomes from
their tuber (called ‘droppers’), especially after fire, that bend down at their tips to produce new
organs and can create clones by this process (Dixon & Pate, 1978). Stem tubers are produced
annually as overwintering structures in some herbaceous plants of temperate ecosystems. The
only stem-tuberous species with fire-stimulated flowering recorded by Lamont & Downes
(2011) were droseras, suggesting that this structural type is rare in fire-prone systems.

Root tuber: There are two well-defined types:

Adventitious root tuber: Swollen lateral root of adventitious origin from stem bases that looks
similar to a stem tuber but lacks nodes or leaf scars. Usually a plant has multiple tubers at any
time whereas others are solitary but are replaced annually (Pate and Dixon 1982). They do not
have secondary xylem; they have one or a few buds at their apex that produce a single stem or
are stemless above ground. It occurs among monocots in particular and a few dicots. Typical
examples include most terrestrial orchids (Table S1), many of which display fire-stimulated
flowering (Lamont & He, 2017).

Taproot tuber: Taproot of primary origin, swollen at its base that looks similar to a xylopodium
but is soft-wooded at best. Thus it is a solitary (very rarely 2[3), globose or carrot-shaped
swelling, sometimes very large in relation to the rest of the plant (e.g. Venter, 2009). One or a
few, often ephemeral, stems arise from the apex of the tuber. It is restricted to dicots. Taproot



tubers may be non-woody or soft-wooded, i.e., with some secondary xylem (e.g. Moringa
tuberous shrubs in Olson & Carlquist, 2001), but all are formed almost entirely of axial
parenchyma. They are often associated with semiarid as well fire-prone ecosystems, and one of
their functions is storing water. They are present in African and South American savannas
(Table S1), and have previously been grouped with the subshrub geoxyles (White, 1977; Maurin
et al., 2014), though they are not woody. While often cultivated for their ornamental basal
swellings, it is not appreciated that these are usually located underground in the wild (e.g.
Fockea edulis, Apocynaceae). Their secondary shoots are usually deciduous (or destroyed by
fire) and replaced from a few buds located in the upper part of the swelling.
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Notes S3 Some special cases

Many species have one of the BBB structures described in the main text; however, there are
many cases of combinations of different bud-bearing organs. For instance, there are plants that
generate an initial burl when young, but later they develop woody rhizomes and knots that
connect different rhizomes, as is the case for many geoxyles in savannas (Fig. 2F in the main
text), in temperate ecosystems (Quercus gambelii; Tiedemann et al., 1987), and in various
Australian Myrtaceae species (Lacey, 1974; Lacey & Whelan, 1976). Similarly, the combination
of lignotubers and bud-bearing roots that sucker after fire is present in some Banksia and Erica
species (Table S1). Some species with rhizophores also produce stem tubers. We distinguish the
non-woody, non-fleshy (wiry) rhizomes typical of graminoids and ferns from the woody
rhizomes of some dicots. An exception is the dicotyledonous tree-mistletoe, Nuytsia floribunda,
that produces long spongy rhizomes (>100 m) from a stem tuber that may exceed 1 min
diameter, and forms clones that may cover several thousand m? and is widespread in SW
Australia (Lamont & Downes, 2011). Layering involves procumbent or stoloniferous stems that
form roots from nodes that touch the ground, sometimes forming fire-resistant knots from
which roots and ramets arise (Fig. 1), as in Poikilacanthus humilis (Acanthaceae) in the Brazilian
savannas (Rachid, 1947).
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